We study ionization and fragmentation of CO in electron loss and capture collisions of B 2+ , O 2+ , and Si 2+ ions at an energy of 71.4 keV/u (v = 1.69 a.u.). Coincidence measurements of fragment ions from CO and charge-selected ions were performed by means of a momentum three-dimensional imaging technique. Production cross sections of CO r+ and branching ratios into various fragmentation channels were obtained for r = 1-4. We also measured kinetic energy release (KER) in individual fragmentation channels. The KER spectra for r 2 are found to be different for electron loss and capture collisions, while the difference becomes small for r 3. As a measure of the degree of molecular fragmentation, the magnitude of the binding energy of the relevant electronic states seems the important parameter both in loss and capture collisions.
I. INTRODUCTION
In the last few decades collision-induced molecular fragmentation was extensively studied for various combinations between projectile particles and molecules [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The investigation was carried out for the identification of fragment-ion pairs, kinetic energies of the fragments, and the orientation effect on the molecular fragmentation. It is noted that experimental data of high quality can be obtained recently owing to the improvement of three-dimensional momentum imaging techniques [18, 19] , where the momenta of individual fragment ions are measured three-dimensionally [3] [4] [5] [6] [7] [8] [11] [12] [13] [14] [15] . The molecular fragmentation occurs from dissociative excited states of an intact molecule that is mostly ionized to some degree in the case of ion impact. Thus, identification of fragment particles and their kinetic energies provide information about initial excited states of the molecular ion [12, 20] . As the amount of excitation energy given to a target molecule depends on the impact parameter (b) between collision partners, b-controlled experimental investigation is highly recommended for better understanding of the fragmentation process. However, such a kind of coincidence experiment is difficult particularly for fast heavy ions. Instead, the molecular fragmentation was investigated under conditions of charge-changing collisions by specifying the final projectile charge state [7] [8] [9] [10] [15] [16] [17] for both slow (v < 1 a.u.) and fast (v > 1 a.u.) ions.
In slow collisions of He 2+ and Ar 3+ with N 2 , Ehrich et al. [8] found that kinetic energy release (KER) spectra of two fragment N + ions are largely different when the final charge state is different. In collisions of slow C 6+ and Ar 11+ with CO [17] , Wells et al. measured KER spectra and branching ratios of fragmentation channels. They showed that the branching ratios are almost constant over a wide range of projectile charge and velocity by using other available experimental data. On the other hand, the KER spectra are considerably different for different charge-changing collisions. It implies that different excited states of molecular ions are * itoh@nucleng.kyoto-u.ac.jp populated transiently in accordance with their calculations of the extended over barrier model (ECOB). In electron capture collisions of slow highly charged ions with D 2 , Ali et al. [10] observed the three-body fragmentation effect between two D + ions and the projectile ion. In the case of high-energy collisions of 97 MeV Ar 14+ + CO [16] , the average value of KER obtained in one-electron capture collisions was found to be considerably larger than that in pure ionization in which the incident charge state does not change. It suggests that the impact parameters relevant to pure ionization are larger than those to one-electron capture in fast highly charged ion impacts. In our recent study of CO fragmentation by 6 MeV O 4+ ions [15] , the mass spectra of fragment ions were found to change strongly according to both electron loss and capture collisions and was also affected largely by molecular orientation.
To achieve a more precise understanding of the difference between loss and capture collisions the investigation of CO fragmentation is extended to three incident ions of B 2+ , O 2+ , and Si 2+ at the same impact energy of 71.4 keV/u (v = 1.69 a.u.). Since the ionization potentials of these ions are different, the projectile ionization (electron loss) is expected to occur at different impact parameters leading to different features of the molecular fragmentation. Measurements were performed by using a three-dimensional momentum-imaging technique for both single-electron capture (1e capture) and single-electron loss (1e loss) collisions. We present here the production cross sections of CO r+ (r = 1-4) and branching ratios into various fragmentation channels. The KER spectra are also presented for individual fragmentation channels. Figure 1 shows a schematic diagram of the experimental apparatus installed at the Quantum Science and Engineering Center (QSEC) 1.7 MV tandem accelerator facility of Kyoto University [15, 21] . Incident particles investigated here are 771 keV B 2+ , 1.14 MeV O 2+ , and 2.0 MeV Si 2+ . All these ions have the same velocity of v = 1.69 a.u. A beam from the accelerator was carefully collimated to smaller than 1 mm in diameter and was crossed with an effusive molecular beam target of carbon monoxide. A base pressure of the collision chamber was about 1 × 10 −5 Pa. Final projectile charge states were separated by an electrostatic deflector and detected by a movable solid state detector (SSD). In coincidence with these charge-selected particles the mass spectra of fragment ions from CO were obtained by a time of flight (TOF) method under a Wiley-McLaren spatial focusing condition. Fragment ions were extracted by an electric field of 423 V/cm and detected by a two-stage multichannel plate (MCP) in conjunction with a position and time-sensitive delay-line anode. This extraction electric field was high enough to collect all the product ions emitted over all angles of 4π sr solid angles. Four Mo grid meshes were used in the TOF spectrometer. The transmission rate per grid was 0.885, giving rise to (0.885) 4 = 0.613 as the total transmission rate. The front plate of the MCP was biased to a negative voltage of −2.4 kV, which is high enough to detect all the fragment ions investigated here [22] . The open ratio of the MCP was 0.57. The event-by-event recording was achieved with a digital storage oscilloscope (WavePro7000, LeCroy). A typical example of TOF two-dimensional maps is shown in Fig. 2 , exhibiting correlations of fragment-ion pairs produced simultaneously. Fragment ions arising from various ion pairs such as (C + ,O + ), (C 2+ ,O + ), (C + ,O 2+ ), and (C 2+ ,O 2+ ) are well separated from one another. From a series of such two-dimensional maps we obtained relative production cross sections σ r of CO r+ (r = 1-4) and their branching ratios into individual fragmentation channels. Careful attention was paid to the detection efficiency as described in the following.
II. EXPERIMENT
First, the detection efficiency D for a single ion is given by the product of the grid transmission rate multiplied by the open ratio of the MCP, as D = 0.613 × 0.57 = 0.35. Hence, in the case of two-ion detection such as CO 2+ * → C + + O + , the detection efficiency is D 2 and the cross section for this fragmentation channel is with Y the yield of two-ion detection in coincidence. As for the single-ion detection such as CO + * → C + + O, the correction is somewhat cumbersome because the yield Y (C + ) contains contributions from other single-ion detection arising from fragmentation channels of (C + , O + ) and (C + , O 2+ ) in which the O ion escapes from detection. In this case, the relationship of the yields is written as
The cross sections in the right-hand side are obtained individually, similar to Eq. (1). In this way, the partial cross sections or the branching ratios were deduced from experimental coincidence yields. Note that we ignored contributions from four-fold ionization events such as (C + , O 3+ ) because these events were smaller than 1% at most.
We also obtained KER of individual fragment ions from positions (x, y) and flight time t of these products. The energy resolution of KER was about 1 eV.
III. RESULTS AND DISCUSSION
TOF spectra of fragment ions produced in electron capture and loss collisions are shown in Fig. 3 , illustrating different features of the molecular fragmentation according to the projectile species and the type of charge-changing collisions. First, a remarkable feature seen in the spectra is that the molecular fragmentation is enhanced strongly in 1e loss collisions compared with 1e capture collisions for all the incident ions. Second, the fragmentation is induced most strongly by O 2+ impact as seen typically in the spectra of 1e loss collisions. These characteristic features are understood more explicitly from production cross sections σ r and their branching ratios given in Table I . Here, the cross sections are relative values with 4 r=1 σ r = 100 for each charge-changing collision. It is found that the survival probabilities of intact parent ions CO r+ decrease rapidly with increasing r for all the 
incident ions. As for r = 3, all the parent ions cannot remain intact but decay to fragments. Qualitatively to say, these different features of the molecular fragmentation may be attributed to the different amounts of inelastic energy transferred to the target particle. For instance, ionization of a projectile electron (electron loss) by a neutral molecule is supposed to occur in smaller impact-parameter collisions than electron-capture collisions [6] . This is because a certain amount of inelastic energy is required to remove a tightly bound projectile electron. Consequently, it leads to a larger amount of energy transfer in loss collisions and more violent molecular fragmentation is expected to occur. Note that the binding energies of the outermost electrons of Si 2+ , B 2+ , and O 2+ are 33.5, 37.9, and 54.9 eV, respectively. It is interesting to point out that the degree of molecular fragmentation in 1e loss collisions reflects fairly well the 
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magnitude of these binding energies. It implies that the effective impact parameters in O 2+ collisions are smaller than other projectiles because of the larger binding energy of O 2+ . Nearly the same spectral profile and the branching ratios observed for the impact of Si 2+ and B 2+ are reasonably attributed to equivalent binding energies of these ions.
In electron-capture collisions, similar spectral profiles and branching ratios were obtained for O 2+ and B 2+ impacts, while the molecular fragmentation as well as multiple ionization are considerably suppressed in Si 2+ impact. We interpret this as in the following. If we assume that the projectile ion captures an electron into its ground state, the capture states are 2s in B + (1s 2 2s 2 ), 2p in O + (1s 2 2s 2 2p 3 ) and 3p in Si + ([Ne]3s 2 3p 1 ), respectively. The binding energies of these states are 25.2 eV (B + ), 31.1 eV (O + ), and 16.3 eV (Si + ). As the principal quantum number of the capture states are n = 2 for B 2+ and O 2+ and n = 3 for Si 2+ ions, electron capture by Si 2+ is supposed to take place at a larger distance resulting in less fragmentation and less multiple ionization. It is interesting to point out that the degree of the molecular fragmentation also reflects the magnitude of the binding energy of the capture states.
As for CO 3+ , fragmentation into the channel (C 2+ , O + ) is significantly larger than the channel (C + , O 2+ ) for all the incident ions. This can be attributed to the smaller total ionization energy required to produce these states due to the smaller ionization potentials of the C compared to the O atom. Note that a simple sum of the ionization potentials required for these ionized states shows 49.3 and 59.9 eV for (C 2+ , O + ) and (C + , O 2+ ), respectively. Table I also presents other experimental TOF data obtained by pulsed-beam coincidence methods in which individual charge-changing processes are not distinguished [1, 11] . Their data of both production cross sections and branching ratios are in good agreement with each other irrespective of largely different incident species, velocities, and charges. It is interesting to note that our charge-changing data are greatly different from their results. Despite that, the 1e capture data by Si 2+ impact seem close to their results, indicating that the 1e capture may be the dominant process in their collision systems as well. Figure 4 compares KER spectra in CO 2+ * → C + + O + , exhibiting considerable differences between 1e loss and capture collisions. The peak energy and broadness of the spectra are both larger in 1e loss than 1e capture collisions, implying the population of higher excited states of CO r+ * in loss collisions. This trend is also found for N 2 fragmentation in charge-changing collisions of 300 keV Ar 3+ ions [8] . In collisions of 97 MeV Ar 14+ with CO, Watson et al. reported that the average values of KER in 1e capture is considerably larger than direct ionization [16] . Also, multiple ionization and the degree of fragmentation are both enhanced largely in 1e capture collisions. These results imply obviously that, in fast collisions (v = 9.8 a.u.), the effective impact parameter is small in electron capture compared to direct ionization. Figure 5 shows KER spectra in various fragmentation channels from CO r+ * produced by 2 MeV Si 2+ , where we also show two-electron loss data. The solid square curves are theoretical spectra estimated from a simple Coulomb explosion model using E c = q 1 q 2 /R e , where E c is the central peak energy, q the charges of ion pairs, and R e the equilibrium internuclear distance of CO. The width W of the distribution is related to the probability density of the ground state of CO and may be estimated to the first approximation, as [4] where we use R e 2.1 and δR e = 0.18 a.u. [11] . It is seen that the central energy E c is reasonably close to the peak position of each experimental spectrum. However, the width of the experimental distributions is completely larger than the estimation. Inadequacy of this simple Coulomb repulsion model is well known as reported in previous work [4, 11, 12, 14] . It should be pointed out that this model does not hold even for the highest charge state CO 4+ * .
Theoretical KER predicted from potential energy curves of possible electronic states [2, 14, 20] are listed in Table II and partly shown by vertical lines in Fig. 5 . Excited states of CO 2+ * are 1 , 3 , and 2 1 + and are consistent with other experimental results obtained for 11.4 MeV/u O 7+ [12] . As for the fragmentation of CO 3+ , the fragmentation channel (C + ,O 2+ ) shown in panel (c) are somewhat broader to higher KER compared with (C 2+ ,O + ) shown in panel (b). This is reasonable because the adiabatic potential energy of (C + ,O 2+ ) is known to be higher than the latter channel at R → ∞ [2] . This trend is also observed in other experimental results [11, 14] . In the case of CO 4+ fragmentation into (C 2+ ,O 2+ ) shown in panel (d), the KER spectra are essentially the same for both 1e loss and 2e loss collisions, implying an equivalent excitation of parent ions in these collisions.
In summary, we investigated the fragmentation of CO in charge-changing collisions of B 2+ , O 2+ , and Si 2+ ions with the same incident velocity of v = 1.69 a.u. It is found that the degree of molecular fragmentation in electron loss collisions becomes large as the binding energy of the projectile outermost electron increases. Similarly, in electron capture collisions the degree of fragmentation increases as the binding energy of the capture state increases. This implies that the effective impact parameters are different in these collisions, leading to a different energy transfer to a CO molecule. The KER spectra in the fragmentation of CO r+ * are found to be different for electron loss and capture collisions, while the difference becomes small for r 3.
